Abstract. Chronic hepatitis B virus (HBV) infection is a leading cause of liver cirrhosis and cancer. Among the pathogenic factors of HBV, HBV X protein (HBx) is attracting increased attention. Although it is documented that HBx is a multifunctional regulator that modulates cell inflammation and apoptosis, the exact mechanism remains controversial. In the present study, we explored the effect of HBx on oxidative stress-induced apoptosis in normal liver cell line, HL-7702. Our results showed that the existence of HBx affected mitochon drial biogenesis by modulating the opening of the mitochondrial permeability transition pore (MPTP). Notably, this phenomenon was associated with a pronounced translocation of Bax from the cytosol to the mitochon dria during the period of exposure to oxidative stress with a release of cytochrome c and activation of cleaved caspase-3 and PARP. Moreover, MPTP blockage with cyclosporin A prevented the translocation of Bax, and inhibited oxidative stress-induced apoptotic killing in the HBx-expressing HL-7702 cells. Our findings suggest that HBx exhibits pro-apoptotic effects upon normal liver cells following exposure to oxidative stress by modulating the MPTP gateway.
Introduction
Hepatitis B virus (HBV) infection results in a significantly high risk of severe liver diseases such as hepatic cirrhosis and hepatocellular carcinoma (HCC). The hepatitis B virus X protein (HBx), which is a 17-kDa non-structural protein consisting of 154 amino acids, is considered as a key regulatory viral protein in HBV replication and virus-associated liver diseases (1) .
HBx is a multifunctional protein that regulates numerous cellular signal transduction pathways and participates in cell proliferation, differentiation, cell cycle progression, autophagy and apoptosis (2, 3) . The specific function of HBx is linked to its subcellular localization (4) . It is generally believed that HBx is mostly cytoplasmic, with a small fraction in the nucleus and many groups have reported that the mitochondrion is a major target for HBx in the cytoplasm (5, 6) , causing mitochondrial damage by regulating mitochondrial membrane potential (7) , increasing the generation of cellular reactive oxygen species (ROS) (8, 9) and modulating the opening of the mitochondrial permeability transition pore (MPTP). Studies in HepG2 cells and primary rat hepatocytes suggest that MPTP activity is required for HBV replication and the expression of cell cycle proteins modulated by HBx (10, 11) . Previous studies have observed the release of cytochrome c from purified mitochondria after the induction of MPT and therefore induced apoptosis (12) , identifying MPTP as an intracellular sensor of oxidants and other toxins. However, whether HBx-induced apoptosis is related to its function of modulating MPTP and the specific mechanism have not been fully understood.
Since apoptosis has been implicated as a vital mechanism for inflammation and hepatocarcinogenesis (13) , a large body of research has tried to explore the role of HBx in cell apoptosis and its contribution to HBV-associated HCC. The results of these studies are controversial; HBx has been shown to induce (14, 15) , inhibit (16, 17) or have no effect on apoptosis (18) . The discrepancy of the role of HBx on apoptosis may be due to the different cell types, culture condition or experimental systems used in different studies. In addition, some of these studies have demonstrated that HBx did not induce cell apoptosis itself, but instead sensitized hepatocytes to a variety of apoptotic signals such as TNF-α, TRAIL, ethanol, Fas and (19, 20) . Notably, oxidative stress has been implicated in DNA damage and apoptosis, contributing to the pathogenesis of inflammatory diseases and cancer (13, 21) . The Bcl-2 protein family plays a pivotal role in HBx-induced cell apoptosis. They are divided into anti-apoptotic members (Bcl-2, Bcl-xL and Mcl-1) and pro-apoptotic members (Bax, Bak and Bid) (22) . Bax is one of the pro-apoptotic members of the Bcl-2 protein family and is considered as a key factor of the intrinsic apoptosis pathway upon various stimuli. In non-apoptotic cells, it is in dynamic equilibrium between the mitochondrion and cytosol. In response to apoptotic stimulus, Bax changes its conformation, disrupting the equilibrium and causing Bax to accumulate at the mitochondrion (23) . A previous study in serum-starved HepG2 cells demonstrated that HBx induced the translocation of Bax to the mitochondrion (24) , suggesting that Bax functions as an important element in the HBx-induced intrinsic apoptosis pathway. Other studies also demonstrated that Bax plays an important role in H 2 O 2 -induced apoptosis via its mitochondrial translocation (25) . Recent studies have confirmed that the translocation of Bax in apoptosis is dependent on voltage-dependent anion channel (VDAC) 2 (26) , which is thought to be a component of MPTP (27) .
In the present study, we reported a possible function for HBx to modulate MPTP in the hepatic HL-7702 cell line, and confirmed that this function was associated with oxidative stress-induced apoptosis through translocation of Bax. These new findings may have implications for understanding the role of HBx in HBV-associated inflammation and hepatocarcinogenesis.
Materials and methods
Cell culture and transfection. The human HL-7702 hepatocyte cell line was purchased from the Shanghai Cell Bank (Shanghai, China). The cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and maintained at 37˚C in a humidified atmosphere composed of 95% air and 5% CO 2 . Cultures of HL-7702 cells were transfected with recombinant plasmids using the transfection reagent Lipofectamine 3000 (Invitrogen, Carlsbad, CA, uSA) according to the manufacturer's protocol.
Plasmids. The recombinant plasmid pGEM-HBV, which expresses a greater-than-genome-length cDNA of wild-type HBV (ayw) and pGEM-HBV-HBx, which is identical to HBx-deficient mutant HBV, were a gift from Professor M.J. Bouchard (Drexel university, Philadelphia, PA uSA) (28, 29) . The HBx expression plasmid pcDNA3.1-X was kept in our laboratory. We designed new pcDNA3.1 plasmids expressing HBx fused to the eight amino acid FLAG epitope using oligonucleotides containing terminal XbaI or EcoRI restriction enzyme sites by PCR. The forward oligonucleotide sequence for HBx-flag was: 5'-GCT^CTAGAGCCACCATGG CTGCTAGGCTGTGCT-3' and the reverse oligonucleotide sequence was, 5'-GCCTTAA^GTTACTTATCATCGTCGTC CTTGTAGTCGGCAGAGGTGAAAAAG-3'. XbaI or EcoRI enzymes (New England Biolabs, Ipswich, MA, uSA) were used for the digestion of insert and vector, and digestion products were followed by ligation with T4 DNA ligase (Promega, Madison, WI, uSA).
Western blot analysis. Cells were lysed in RIPA buffer (Beyotime, Shanghai, China) supplemented with protease inhibitors in ice for 30 min followed by centrifugation at 12,000 x g for 15 min at 4˚C. Immunoblotting was performed using the anti-cleaved PARP mAb (1:1,000), anti-Bax mAb (1:1,000; Cell Signaling Technology, Danvers, MA, uSA), anti-cytochrome c mAb (1:500), anti-caspase-3 mAb (1:1,000; Abcam, Cambridge, MA, uSA), anti-HBc mAb (1:500; Milipore, Billerica, MA, uSA), anti-β-actin and anti-secondary antibodies were purchased from ZSGB-BIO (Beijing, China).
Isolation of mitochondria and measurement of COX activity.
Cells transfected with recombinant plasmids were lysed and the mitochondria were isolated using the mitochondrion isolation kit for mammalian cells (Thermo Fisher Scientific, Inc., Waltham, MA, uSA). Protein concentrations were measured using the bicinchoninic acid (BCA) assay (Beyotime) and COX activity was determined using the Cytochrome c Oxidase Assay kit (GenMed, Shanghai, China) as previously described (8, 9) .
ATP measurement. Cell viability of the transfected cells was assessed using a luciferase-coupled ATP quantitation assay (Promega). Transfected cells were dispensed in culture medium at 20,000 cells/100 µl/well into 96-well white/solid-bottom assay plates. The assay plates were equilibrated at room temperature for 30 min, followed by the addition of 100 µl/well of CellTiter-Glo reagent and the contents were mixed for 2 min on an orbital shaker to induce cell lysis. The assay plates were allowed to incubate at room temperature for 10 min to stabilize the luminescent signal. Then, the luminescence intensity of the plates was assessed using a luminometer (Orion II Microplate Luminometer; Berthold Detection Systems GmbH, Pforzheim, Germany).
Mitochondrial membrane potential analysis. The cultured HL-7702 cells were seeded and transfected in 6-well plate for 36 h, and the mitochondrial membrane potential was evaluated using the cationic fluorescent dye Rhodamine-123 (Sigma, St. Louis, MO, uSA). Transfected cells were digested and washed with phosphate-buffered saline (PBS). Diluted Rhodamine-123 (10 mg Rhodamine-123/ml with serum-free DMEM) was added to the cultures and incubated at 37˚C for 30 min. The cells were washed and resuspended in PBS for analysis by flow cytometry (BD Biosciences, San Jose, CA, uSA).
Cytosolic calcium imaging assay. Cultured HL-7702 cells were seeded and transfected in a 24-well plate for 36 h with the addition of 1 µM cyclosporin A (CsA) (Milipore) or dimethyl sulfoxide (DMSO) for 12 h. Levels of cytosolic calcium were measured by Flou-4 calcium imaging kit (Molecular Probes, Eugene, OR, uSA) following the manufacturer's instructions. Fluorescence images were obtained (excitation 494 nm/ emission 506 nm) by confocal laser scanning microscopy (Leica SP5; Leica, Solms, Germany). Relative fluorescence intensity of each group was measured by LAS AF Lite software (Leica).
Fluorescence assay of ROS. Assay of intracellular ROS was preformed using 2',7'-dichlorofluorescein diacetate (DCFH-DA; Sigma). Cultured HL-7702 cells were plated and transfected into 24-well plate for 36 h with or without the following treatment of hydrogen peroxide (H 2 O 2 ) at the final concentration of 250 µM (Sigma). Culture medium was first removed, and the cells were washed three times with serum-free DMEM, and diluted DCFH-DA (10 µM DCFH-DA with serum-free DMEM) was added to the cultures and incubated at 37˚C for 30 min at the same end time point. The fluorescence was measured at 485 nm for excitation and 530 nm for emission within 60 min by confocal laser scanning microscopy (Leica SP5). Relative fluorescence intensity of each group was measured by LAS AF Lite (Leica).
Indirect immunofluorescence assay. Transfected cells were exposed to the indicated amount of H 2 O 2 (250 µM) for 12 h with or without pretreatment with 1 µM CsA or DMSO for 30 min. Cells were transplanted in 24-well plate cell slides and stained for 30 min with 150 nM MitoTracker Red (Molecular Probes). After treatment, the cells were fixed with 4% ice paraformaldehyde for 30 min, permeabilized with 3‰ Triton X-100 (PBST) for 10 min and incubated in blocking solution (5% donkey serum albumin in PBST) for 45 min. Then, the cells were incubated with primary antibodies (anti-Bax; 1:100) at 4˚C overnight. The fluorescence-labeled secondary antibodies (donkey anti-rabbit fluorescence-labeled secondary antibodies; Alexa Fluor ® 488-conjugated; 1:500; Molecular Probes) were added and incubated for 60 min at 37˚C in the dark, and the sections were mounted using Antifade mounting medium (Beyotime). Fluorescence images were obtained by confocal laser scanning microscopy (Leica SP5).
Apoptosis assay. Transfected cells were exposed to the indicated amount of H 2 O 2 at the final concentration of 250 µM for 12 h with or without pretreatment with 1 µM CsA or DMSO for 30 min. The extent of apoptosis was evaluated using the Annexin V-FITC apoptosis detection kit (BD Biosciences) by flow cytometric analysis.
Statistical analysis. Each set of experiments was repeated at least three times with similar results. The values given are presented as mean ± SD. Statistical analysis was performed using the Student's t-test. In all cases, P<0.05 was considered to indicate a statistically significant result.
Results

Intracellular expression of recombinant plasmids in transfected cells.
Cultures of HL-7702 cells transiently transfected with recombinant pcDNA3.1, HBx-flag, pHBV, pHBV-HBx and HBx-flag fusion protein and HBcAg were detected by western blotting for assessment of HBx-flag and pHBV/pHBVHBx (Fig. 1A) . HBx reduces COX activity to decrease cell ATP levels and modulate mitochondrial membrane potential. COX is a vital component of the mito chondrial respiratory chain. After transfections, a significant decrease in COX activity was noted in the HBx-flag-and pHBV-transfected cells compared with the activity in the cells transfected with pcDNA3.1 and pHBVHBx (Fig. 1B) . Correlated with the downregulation of COX activity, we found an obvious decrease in cell ATP levels in the HBx-flag-and pHBV-transfected cells vs. that in the cells transfected with pcDNA3.1 and pHBV-HBx (Fig. 1C) . Consistently, flow cytometric analysis of Rhodamine-123-stained cells was used to determine the effects of HBx on mitochondrial membrane potential (Fig. 1D) . Results for the four groups indicated that HBx reduced the mitochondrial membrane potential in the HL-7702 cells. All the results suggest that since COX is essential for the genera tion of cell ATP and maintenance of mitochondrial membrane potential (30) , the reduction in COX activity by HBx may be the initial factor of HBx-induced mitochondrial dysfunction, including regulation of MPTP and induction of the mitochondrial apoptosis pathway.
HBx increases the cytosolic calcium levels via modulating MPTP in HL-7702 cells. The transfected cells were loaded with Ca
2+ sensitive dye Fluo-4 to monitor the occurrence of cytosolic calcium levels. As shown in Fig. 2A and B, Fluo-4 fluorescence was significantly increased in the HBx-and pHBV-expressing cells vs. that in the control group. The result was consistent with a previous study in HepG2 cells (11) . To determine whether the association with mitochondria is involved in the HBx-induced elevation of cytosolic calcium, we next examined the cytosolic calcium levels in the four groups treated with CsA (1 µM), a specific inhibitor of MPTP. The data showed that 1 µM CsA partially decreased the cytosolic calcium concentrations in four groups. Meanwhile, following treatment with CsA, cytosolic calcium of HBx-flag cells was reduced to a level similar to pcDNA3.1 cells without CsA. Similarly, pHBV cells also exhibited a reduction in fluorescence intensity with CsA to the extent of pHBV-HBx cells, which indicated that 1 µM CsA significantly blocked the function of HBx in modulating MPTP.
HBx increases intracellular ROS and sensitizes HL-7702 cells to oxidative stress.
To further evaluate whether susceptibility of HL-7702 cells under oxidative stress conditions could be disturbed by HBx, cells with or without H 2 O 2 treatment were incubated with DCFH-DA and fluorescence was evaluated by confocal laser scanning microscopy (Fig. 3A) . Notably, no apparent change was noted in the HBx-expressing cells compared with the control group without treatment of H 2 O 2 , while a significant increase in fluorescence intensity was observed in the pHBV-expressing cells compared with that in the pHBV-HBx-expressing cells. However, although increased ROS levels were observed in all four groups when exposed to H 2 O 2 , an increased number of DCFH-DA-positive cells was found in the H 2 O 2 -exposed HBx-expressing cells and pHBV-expressing cells than the control groups under the same condition (Fig. 3B) .
HBx induces translocation of Bax to mitochondria upon exposure to H 2 O 2 via modulating MPTP.
Bax is the key effector of the intrinsic apoptotic pathway initiated in response to diverse stimuli (23, 31) . Evidence indicates that Bax maintains a balance between the cytosol and mitochondria in the non-apoptotic state, while under the stimulation of apoptosis, cytosolic Bax changes its formation and then insert into the mitochondrial outer membrane, forming large channels at the mitochondrial outer membrane leading to the release of cytochrome c (32) . Therefore, translocation of Bax from the cytosol to the mitochondrion may be an essential step in mitochondrial-mediated apoptosis. HBx has been shown to induce the translocation of Bax under serum starvation condition in HepG2 cells (24) . To explore the state of Bax in HBx-expressing cells upon H 2 O 2 in normal hepatocytes, we proceeded with fluorescent staining experiments by a combination of anti-Bax antibody and MitoTracker Red. As shown in Fig. 4A , the staining of Bax (green color) along with mitochondria (red color) was observed (yellow) in the HBx-flag cells exposed to H 2 O 2 while the HBx-flag cells without treatment of H 2 O 2 did not show a visible co-localization of Bax and mitochondria, and this translocation of Bax was blocked by pretreatment of CsA. In addition, western blot analysis revealed that the whole protein levels of Bax did not show an apparent change in each group. While the expression of Bax protein exhibited a significant decrease in the cytosol and an increase in the mitochondria in the HBx-expressing cells treated with H 2 O 2 , pretreatment with CsA blocked the translocation of Bax (Fig. 4B) . Both results suggest that HBx induced translocation of Bax to the mitochondria during oxidative stress, and MPTP blockage with CsA recovered the balance of Bax between the mitochondria and the cytosol in the HL-7702 cells.
MPTP blockage with CsA attenuates the pro-apoptotic effect of HBx in response to oxidative stress. It has been reported that HBx sensitizes cells to oxidative stress-induced apoptosis (19, 20) , while the specific mechanism remains controversial. To investigate the relationship between HBx and MPTP in oxidative stress-induced apoptosis, we next examined the effects of an MPTP inhibitor for its ability to regulate the expression of proteins involved in the intrinsic apoptosis pathway in H 2 O 2 -exposed HBx-expressing cells by western blot analysis. As shown in Fig. 5A and B, the expression of cleaved caspase-3 and PARP was markedly decreased as a consequence of the release of cytosolic cytochrome c in the H 2 O 2 -exposed HBx-expressing cells. We also found a significant increase in the apoptosis level in the H 2 O 2 -exposed HL-7702-HBx cells by flow cytometric analysis (Fig. 5C and D) , which was consistent with the immunoblot results. Additionally, MPTP inhibitor CsA apparently reduced the expression of cleaved caspase-3 and PARP and blocked the release of cytochrome c, ultimately preventing the extent of apoptosis.
Discussion
HBx is known to modulate numerous cellular pathways, including cell cycle regulation, activation of transcription factors, viral replication, ROS generation and regulation of apoptosis. Among all these activities, HBx-induced apoptosis is thought to directly impact the development of HBV-associated liver damage (3). Given the discrepancy of the molecular mechanism of HBx in different cells, we usually conduct our research from the perspectives of a hepatic cell line and hepatoma cell line, respectively. In the present study, we explored the molecular mechanism responsible for HBX-induced apoptosis upon exposure to oxidative stress in HL-7702, a human normal liver cell line.
MPTP is a large multi-protein complex and composed of voltage-dependent anion channel (VDAC), adenine nucleotide translocator (ANT), creatine kinase, hexokinase, the benzodiazapine receptor and cyclophilin D (27) . It can form a large channel between cytosolic and mitochondrial matrix. Opening of MPTP in response to numerous mitochondrial stimuli is correlated with the swelling of mitochondria matrix with a release in molecules from the mitochondria matrix, including cytochrome c and calcium, indicating that opening of MPTP may be an early event in apoptosis (12, 33) . Various studies have reported that a fraction of cytosolic HBx co-localizes with the mitochondria in different cell lines, with studies in HepG2 cells suggesting that HBx could modulate the onset of MPTP to increase the level of cytosolic calcium, which contributes to the elevation of HBV replication, and this activity of HBx is blocked by treatment with CsA (11), a MPTP inhibitor. This result was consistent with the present study in HL-7702 cells that HBx has the ability to modulate MPTP, therefore causing a pronounced increase in cytosolic calcium levels. Additionally, another study reported that HBx requires MPTP activity to modulate the levels of cell cycle regulatory proteins (34) . All these studies suggest that the opening of MPTP may contribute to the disruption of hepatocyte physiology. Involvement of the MPTP in HBx may be related to the co-localization of HBx and mitochondria, while the exact mechanism has not been fully understood. We previously reported a new HBx-interactive protein COXIII (8, 9, 35, 36) , which is one of the subunits of cytochrome c oxidase (COX) residing in the mitochondrial inner membrane in addition to VDAC3. COX functions as a terminal enzyme of the respiratory chain, and significantly influences the generation of ATP or depolarization of the mitochondrial membrane potential (37) . The present study demonstrated that HBx significantly decreased the activity of COX, followed by a consistent reduction in cell ATP levels and mitochondrial membrane potential, both of which are responsible for the opening of the MPTP (38) . As we predicted, cytosolic calcium overload was observed in the HBx-expressing HL-7702 cells as a consequence of MPTP opening, while the calcium levels were significantly reduced using CsA. The study in pHBV-and pHBV-HBx-expressing cells further confirmed these results. Thereby, it is possible that reduction in COX activity could be an initial factor in modulating the opening of the MPTP.
Persistent oxidative stress has been suggested to play a pivotal role in a wide variety of pathophysiological conditions (13, 21) . Previous study in our laboratory showed that HBx expression could enhance ROS production (8,9) compared with the control group. Other studies suggest that HBx induces apoptosis by sensitizing cells and tissues to H 2 O 2 (19) . Notably, ROS accumulation has been shown to upregulate HBx expression (39) . In the present study, the concentration of H 2 O 2 we used did not show an apparent change in ROS levels in HBx-expressing cells or the control group, however, it induced a significant enhancement of ROS levels in the pHBV-expressing cells compared with the control group, demonstrating that HBx-induced ROS accumulation in normal liver cells was dependent on constitutively replicated HBV. When exposed to H 2 O 2 , a pronounced accumulation of ROS was observed in the HBx-and pHBVexpressing cells vs. the control groups, suggesting that HBx protein sensitized HL-7702 cells to oxidative stress. Results from previous studies showed that exposure to H 2 O 2 caused the opening of MPTP, resulting in mitochondrial membrane depolarization and the release of cytochrome c from mitochondria to the cytosol (12), while CsA prevents H 2 O 2 -induced apoptosis (40) . Accordingly, modulation of MPTP by HBx may be a potential mechanistic link between HBx and oxidative stress-induced apoptosis.
Molecules of apoptosis can be released from the mitochondria through disruption in the outer mitochondrial membrane, as a consequence of the co-localization of HBx and mitochondria, pointing out an important role of BcL-2 family protein which is made up of outer mitochondrial membrane proteins in the mitochondrial-mediator apoptosis pathway (41) . Both of these proteins play a crucial role in maintaining mitochondrial membrane integrity (42) . Various data demonstrated that pro-apoptotic Bax plays an important role in H 2 O 2 -induced apoptosis via translocation from cytosol to mitochondria with a release of cytochrome c (25) . In addition, VDAC, which is a component of MPTP, is required for the efficient translocation of Bax. During apoptotic stimuli, Bax is dissociated from VDAC2 and homoligomerizes to form high molecular weight oligomers (26) , indicating that Bax translocation is probably dependent on the status of MPTP. In the present study, we found a significant co-localization of Bax and mitochondria in the HBx-expressing HL-7702 cells with a release of cytosolic cytochrome c and activation of cleaved caspase-3 or PARP when exposed to H 2 O 2 . In HBx-expressing cells pre-treated with CsA, this translocation of Bax was blocked. Given these observations, we propose that mitochondrial localization of Bax has a role in HBx-induced apoptosis during oxidative stress. Moreover, this mechanism is associated with the function of HBx in modulating MPTP. Flow cytometric analysis further confirmed that an intracellular increase in H 2 O 2 had a critical effect on HBx-induced apoptosis in HL-7702 cells, and this effect was abrogated by inhibition of MPTP. Our result is consistent with previous observations that HBx increases the susceptibility of different hepatocytes to apoptotic stimuli. Nevertheless, evidence supports an opposite role of HBx, indicating a critical role of HBx in anti-apoptosis signals. The discrepant consequences of HBx expression on modulation of apoptosis may result from different cell lines and different stages of natural HBV infection. Accordingly, more research using hepatoma cell lines are needed in the future. HBx-induced apoptosis during H 2 O 2 exposure was significantly reduced with the pre-treatment of CsA, indicating that modulating of MPTP may contribute to oxidative stressinduced apoptosis in HBx-expressing cells.
In summary, the present study in HL-7702 cells demonstrated that HBx enhances the susceptibility of normal hepatocytes to oxidative stress-induced apoptosis and this effect is associated with the ability of HBx to modulate MPTP, which is considered as the major cause of Bax mitochondrial translocation. This effect of HBx in response to oxidative stress may offer a new clue that HBx and oxidative signals may work together to upregulate cellular ROS to a deleterious level, thereby contributing to HBV-associated inflammation and hepatocarcinogenesis.
